ABSTRACT: The world's oceans are slowly becoming more acidic. In the last 150 yr, the pH of the oceans has dropped by ~0.1 units, which is equivalent to a 25% increase in acidity. Modelling predicts the pH of the oceans to fall by 0.2 to 0.4 units by the year 2100. These changes will have significant effects on marine organisms, especially those with calcareous skeletons such as echinoderms. Little is known about the possible long-term impact of predicted pH changes on marine invertebrate larval development. Here we predict the consequences of increased CO 2 (corresponding to pH drops of 0.2 and 0.4 units) on the larval development of the brittlestar Ophiothrix fragilis, which is a keystone species occurring in high densities and stable populations throughout the shelf seas of northwestern Europe (eastern Atlantic). Acidification by 0.2 units induced 100% larval mortality within 8 d while control larvae showed 70% survival over the same period. Exposure to low pH also resulted in a temporal decrease in larval size as well as abnormal development and skeletogenesis (abnormalities, asymmetry, altered skeletal proportions). If oceans continue to acidify as expected, ecosystems of the Atlantic dominated by this keystone species will be seriously threatened with major changes in many key benthic and pelagic ecosystems. Thus, it may be useful to monitor O. fragilis populations and initiate conservation if needed. 
INTRODUCTION
Recent global models predict that pH at the ocean surface will fall by an estimated 0.2 to 0.4 units by the year 2100 largely due to human-driven emissions of CO 2 (Caldeira & Wickett 2003 , Royal Society 2005 , Cao et al. 2007 ); work by Doney et al. (2007) suggests that this may be exacerbated by anthropogenically released sulphur and nitrogen, especially in coastal waters. These predicted changes in ocean pH are greater, and far more rapid, than any that have been experienced in the past 300 million yr, and the ability of marine organisms, populations and ecosystems to adapt to this unprecedented environmental modification is largely unknown.
Available estimates suggest that rates of calcification in marine organisms have decreased by 11 to 44% since pre-industrial times (Andersson et al. 2005) , and will fall to 60% during the 21st century (Kleypas et al. 2006) . The calcium carbonate shells or skeletons of many planktonic organisms make them susceptible to dissolution in acidic waters, their degree of susceptibility being dependent not only on pH and carbonate saturation, but also on the crystalline form of calcium carbonate used (aragonite being ~2 × more soluble than calcite; Royal Society 2005. Experiments on organisms as varied as corals, coralline algae, molluscs, foraminiferans and coccolithophorids have all documented reduced capacity for biomineralization at high pCO 2 and its associated low pH (e.g. Kleypas et al. 2006) .
Despite this recent work, the impacts of CO 2 -driven acidification on the delicate embryonic and larval stages that are essential for recruitment and population maintenance of many marine invertebrate taxa have been largely ignored. To date, only the works of Kurihara and others , Kurihara & Ishimatsu 2008 have focussed on these early life-history stages. These authors have shown significant deleterious effects of CO 2 -induced acidification on larval development and survival in echinoderms, crustaceans and molluscs. In 2 sea urchin species, fertilization rate decreased with pH but significant effects were only observed when the acidification was severe (pH 6.95 and 7.13 depending on the species). Acidification also induced a decrease in body length at Day 3, with significant effect at pH 7.6 to 7.7 .
Echinoderms are appropriate model organisms as they play major roles in ecosystems as keystone predators and grazers (Paine 1966 , Estes & Palmisano 1974 , as bioturbators and remineralizers (Ambrose et al. 2001) , and as food sources for commercial fish (e.g. Limanda limanda; Duineveld & Noort 1986 , Mattson 1992 ) and crustaceans (e.g. Nephrops norvegicus; Baden et al. 1990 ). Critically for this study, echinoderm larvae have been shown to form skeletal rods from an amorphous calcite crystal precursor, which is 30× more soluble than normal calcite (Politi et al. 2004) . It is therefore likely that echinoderm larvae will be particularly susceptible to CO 2 -induced decreases in ocean pH, and that this may result in compromised larval development and survival, possibly leading to developmental and/or recruitment failure.
Here we report the first detailed assessment of the effects of increased CO 2 on embryonic and larval stages of the echinoderm Ophiothrix fragilis, which is a keystone brittlestar species that occurs in high densities and stable populations throughout the shelf seas of northwestern Europe (Morgan & Jangoux 2005) .
MATERIALS AND METHODS
Specimens of Ophiothrix fragilis were collected using an Agassi trawl from a rocky substratum in the Gullmarsfjord in the vicinity of the Sven Lovén Centre for Marine Sciences, Kristineberg, Sweden, and were subsequently maintained in natural flowing seawater at 14°C. Individuals were collected during the period of sexual maturity between May and August 2007. Ripe individuals were identified by their obvious gonads (white testes; orange ovaries) visible through the extended walls of the bursae. Two males and 10 females were used for each fertilization. All 12 ind. were placed in a container of seawater, and males were slightly agitated by hand for a few seconds until the release of sperm, which subsequently induced the females to spawn (Morgan & Jangoux 2005) .
Cleaving embryos (two-cell stage) were placed in 5 l aquaria filled with filtered seawater (FSW, taken from the sampling site) at a density of 10 ml -1 . The FSW was continuously aerated, and a 1 l volume was replaced every 3 d.
Ophiothrix fragilis gonads are most developed in May to July (George & Warwick 1985) , with highest gonadal index in June and July (Lefebvre et al. 1999) . The gametes are released from June to September depending on locality (Davoult et al. 1990 , although individuals can breed throughout the year in some populations (Ball et al. 1995) . Larvae are affected by environmental and physical factors that are independent of the benthic environment experienced by adults. Adults are located at depths between 20 and 80 m, while larval life is pelagic. The planktonic larval phase lasts ~26 d and the larvae metamorphose into juveniles while still in the plankton (MacBride 1907) . Larvae are present in the plankton over several months , with the main recruitment occurring between the end of August and beginning of September (Davoult et al. 1990 ). Larvae are concentrated near the surface and are more abundant in the upper 15 m (Lefebvre & Davoult 1998 .
During the period May to September, the pH in Gullmarsfjord decreases with depth (ranging between 8.33 and 7.97), but never falls below 8.07 in the upper 30 m where Ophiothrix fragilis larvae are concentrated (data from SMHI Database Svenskt Havrarkiv). Based on these data, we selected a range of seawater pH predicted to occur by the year 2100 (ΔpH ≈ -0.2 to -0.4 units; Caldeira & Wickett 2003 ), which we regulated by manipulation of environmental CO 2 levels. These treatments were control/natural seawater (pH = 8.1), pH 7.9 and pH 7.7. One 5 l aquarium was used for each of the 3 treatments. Cultures were maintained at 14°C, a salinity of 32 ‰ and alkalinity of 2.12 ± 0.02 mM as measured following Sarazin et al. 1999 . After Day 2, larvae were fed daily with the red alga Rhodomonas sp. at a concentration of 150 μg C l -1 . Food concentration was checked using an Elzone 5380 particle sizing and counting analysis system and corrected daily (at this concentration, the pH had no impact on algal growth and/or survival). The entire experiment was repeated 3 × (n = 3) using different batches of parental animals. pH was maintained in each aquarium using a computerised control system (AquaMedic) that regulated pH by the addition of pure gaseous CO 2 directly into the water to a resolution of 0.04 pH units.
Larval cultures were monitored daily. Each day, a subsample of 50 larvae was removed and fixed in 4% paraformaldehyde in FSW for later analysis. Density at time t (N t , larvae l -1 ) was estimated by dividing the number of larvae (50) by the corresponding volume needed to collect this number of individuals. Instantaneous mortality was calculated as: M t = 1 -(N t /N t -1 ). Larvae were photographed with a digital camera mounted on a dissecting microscope using polarised light to visualise the skeleton. Six morphometric parameters (see Fig. 2 ) were measured for each larva using LAS software (Leica). In addition, a symmetry index (SI = ratio of left to right overall length) was calculated. Images were processed using Adobe Photoshop.
Data were analysed using 1-and 2-way ANOVA, Scheffé's and Dunnett's tests, with Bonferroni correction. Canonical discriminant analysis was used to assess the impacts of pH and/or exposure time on morphometric parameters. The Shapiro-Wilk statistic W (Shapiro & Wilk 1965) was used to check the data for normality of distribution. When data were not normally distributed or showed heteroscedasticity, a logarithmic transformation was done following Sokal & Rohlf (1995) . Analyses were performed using SAS/STAT (SAS Institute 1990). Percentages of abnormal larvae through time were analysed using the Bhattacharya (1967) method in order to estimate means and SEs, using FISAT II software (FAO-ICLARM Stock Assessment Tools).
RESULTS

Effects on survival
Survival in the controls (pH 8.1) was 29.5 ± 5.5% after 8 d (average equivalent mortality rate of 20% d -1 ), in comparison to < 0.1% in both low pH treatments (average equivalent mortality rate of 35 ± 10.8% d -1 at pH 7.9 and 50.4 ± 10.5% d -1 at pH 7.7). A significant mortality increase in the low pH treatments versus controls was first observed after 7 d at pH 7.9, and after 5 d at pH 7.7 (Fig. 1) . After 25 d, control larvae still showed an overall survival rate of 10% (equivalent to a mortality rate of 9.1% d -1
).
Effects on growth
Under our 'control' rearing conditions (pH 8.1, 14°C), larval development was complete after 25 d. The chronology of development followed the pattern described by Morgan & Jangoux (2005) . After 24 h, 72% of the larvae had reached the 2-arm (posterolateral) stage (Figs. 2 & 3) . The second pair of arms (post-oral) started to develop on the second day. By Day 3, the larvae had begun to feed on the supplied Rhodomonas microalgae. The 6-arm stage (anterolateral arms) was completed after 5 d and the 8-arm stage (post-oral arms) started on Day 7. A similar developmental series was observed at low pH but with 3 notable differences: (1) none of the larvae in the low-pH treatments reached the 8-arm pluteus stage, (2) a high proportion of the larvae raised at low pH were either abnormal or asymmetric (see 'Results; Effects on development'), and (3) despite similarity, the temporal dynamics of development was delayed at low pH, with larvae taking longer to reach the same developmental stage. Thus, 50% of the larvae in the control cultures were 4-armed after 1.83 d compared to 2.07 and 2.25 d at pH 7.9 and 7.7, respectively. Similarly, 50% of the control larvae were 6-armed after 5.42 d compared to 5.73 and 5.71 d at pH 7.9 and 7.7, respectively.
The impact of ocean acidification on larval and skeletal growth was assessed by measuring and comparing 7 morphometric parameters against 'normal' (Fig. 2) . Abnormal and asymmetric larvae were excluded from this analysis. pH had no significant effect on anterolateral rod length (ALL, Fig. 4E ) while differences were observed for other parameters. The most consistent differences were observed after Day 2 for body rod length (BRL, Fig. 4B ), the rod being longer in the control than at pH 7.7. From Days 2 to 5, the larvae were more symmetric in the control than in those at low pH, even if the most asymmetric larvae (SI < 0.83) were not taken into account in this analysis. For the other parameters, some individual differences were observed, rods in the control being generally longer than at low pH (Fig. 4) . Canonical discriminant analyses were performed on the morphometric para- Table 1 for ANOVA. Significant pairwise differences are marked on the graph; e.g. 'a ≠ b,c' means that a is significantly different (p < 0.002) from b and c. NS = no significant difference (p ≥ 0.002). Abnormal and asymmetric larvae were excluded from this analysis. SI: symmetry index = ratio of left to right overall length meters to assess individual variation within the treatments at Days 1 and 4 (Fig. 5) . At Day 1, all the larvae from the 3 pH treatments are clustered together indicating that they share similar body proportions. At Day 4, larvae raised at pH 7.7 are discriminated from those growing at pH 8.1 (all days) and pH 7.9 (Day 4). Larvae raised at pH 7.7 possessed proportions that were never observed in those raised at normal pH.
Effects on development
A high proportion of the larvae raised at low pH were either abnormal (unable to develop into normal pluteus larvae; Fig. 6A ) or asymmetric (Fig. 6B) . The frequency of abnormal larvae through time followed a normal distribution (Fig. 7A) . The highest proportion of abnormal larvae (calculated as the maximum of the normal distribution using the method of Batthacharya [1967] ) was observed after 3.7 ± 0.09 d at pH 7.7 and after 4.92 ± 0.07 d at pH 7.9. Abnormalities were completely absent in the control larvae.
A significant proportion of larvae showed asymmetry at low pH ( Fig. 7B) : after 2 d, 25 and 32% of normal larvae (i.e. no abnormalities) were asymmetric at pH 7.9 and 7.7 respectively. These percentages decreased throughout the larval period until the last 2 d, by which time very few individuals remained in culture.
DISCUSSION
CO 2 -driven acidification had a dramatic impact on survival and development of Ophiothrix fragilis larvae. After only 8 d, all larvae at reduced pH (7.9 and 7.7) were dead, whereas control larvae (pH 8.1) showed only 30% mortality (Fig. 1) . This corresponds to a 12-fold increase in larval mortality rate, caused by CO 2 -induced acidification. Even allowing for the possibility that our treatments may have elevated the sensitivity of larvae (due to stress, suboptimal feeds, laboratory conditions, etc.), our results imply that the levels of CO 2 -induced acidification predicted to occur within the next 50 to 100 yr (ΔpH ≈ -0.2 to -0.4 units; Caldeira & Wickett 2003 could, at the very least, cause severe reductions in larval survival, and quite possibly completely eradicate O. fragilis populations with little potential for acclimation and/or adaptation.
If our oceans continue to acidify as expected, Ophiothrix fragilis larvae will not be able to escape from these deleterious conditions. Ophiopluteus larvae have low swimming capabilities (Mileikovsky 1971 ) and act as passive particles without diel vertical migration (Lefebvre & Davoult 1998 ). Adult populations show little interannual variability in density and partly act as metapopulations. While some populations are mainly self-sustaining, larval supply from neighbouring populations (larvae can disperse within 70 to 100 km by water displacement; Davoult et al. 1990 ) can exceed local retention in other populations (Lefebvre et al. 2003) . Thus, even a local acidification event could impact O. fragilis populations on a wider scale.
Ophiothrix fragilis is a widely distributed species in the eastern Atlantic, from northern Norway to the Cape of Good Hope. It is a keystone and dominant species in many coastal communities (Lefebvre & Davoult 1997) . It is also an essential component of the epibenthos that feed on phytoplankton and provide coupling between benthic and pelagic ecosystems in the English Channel. It can reach very high densities of up to 7000 ind. m -2 (Davoult 1989 , Migné & Davoult 1997 , Davoult & Migné 2001 forming beds of considerable physical complexity with many crevices and shelters. In some beds where O. fragilis represents half of the biomass, up to 78 other species have been recorded (Warner 1971) . O. fragilis also has a dominant role in nutrient exchanges between estuarine and coastal ecosystems (Lefebvre & Davoult 1997) . For example, precipitation of calcium carbonate in skeletal ossicles is a source of carbon; for the English Channel community, O. fragilis provides as much as 35% of the phytoplankton carbon requirement (Migné & Davoult 1997 , Migné et al. 1998 . Stomach contents of most common predators also show that O. fragilis is an important food for many species (Warner 1971 Fig. 2 for definition of morphometric parameters. SI: symmetry index = ratio of left to right overall length ened in the near future as suggested by our results, major changes in many key benthic and pelagic ecosystems of the Atlantic will likely occur. Thus, it may be useful to monitor O. fragilis populations and initiate conservation if needed. Very few other workers have reported the impacts of CO 2 -driven pH change on larval performance. The few studies available in the literature used ΔpH values much greater than those used here . For example, in the oyster Crassostrea gigas, a reduction in pH of 0.7 units induced major morphological abnormalities in larvae (only 4 to 5% developed normally), and a significant decrease in the calcification rate (Kurihara et al. 2007 ). In the sea urchins Hemicentrotus pulcherrimus and Echinometra mathaei, ΔpH of -1.0 to -1.4 had significant negative impacts on fertilization rate, cleavage rate, developmental speed and larval size ). The high ΔpH values used in these studies correspond to much higher levels of acidification than predicted for the coming 2 centuries (Caldeira & Wickett 2005 , Cao et al. 2007 ). Kurihara and colleagues also detected negative impacts on larvae at lower ΔpH values, although these effects were smaller possibly due to the shorter duration of their experiments (3 d, 2 d, Kurihara et al. 2007 ). After comparable periods, our own experiments also showed nonsignificant declines in larval performance (Fig. 1) . We can thus speculate statistically significant effects at smaller ΔpH values if Kurihara and co-workers had run their experiments for longer periods.
A key function of development is to put the right cells in the right places at the right time while simultaneously ensuring function and survival (Strathmann 2000) . The calcite skeleton of larval brittlestars (and of echinopluteus larvae of sea urchins) has been proposed to confer several adaptive developmental benefits including maintenance of body shape (aids morphogenesis and feeding; Hörstadius 1939 , Okazaki 1956 , Pennington & Strathmann 1990 ; passive larval orientation (aids feeding and vertical migration; Pennington & Strathmann 1990) ; and defence against predators (Emlet 1983 , but see Pennington & Strathmann 1990 . Abnormal development of the skeleton would therefore be expected to have dramatic consequences for fitness, consistent with the results obtained here.
Ophiothrix fragilis larvae raised at low pH exhibited several developmental problems. A high proportion (> 50% of the culture at Days 5 to 6, Fig. 7A ) of abnormal larvae with none of the features of normal pluteus larvae (see Fig. 7 for examples) and a high proportion (Fig. 7B ) of asymmetric larvae would result in problems with maintenance of normal larval orientation. Moreover, even larvae with normal shape (not abnormal or asymmetric) raised at low pH have different morphometric proportions than those raised at normal pH (Fig. 5 ). This may also have consequences for larval orientation and thus fitness and survival. Our results showed marked increases in mortality in low pH treatments after 4 to 6 d (Fig. 1) -the stage at which the larvae started to feed -suggesting that mortality may be a consequence of compromised larval feeding performance at reduced pH as we observed in other species (S. Dupont & M. Thorndyke unpubl. data). Interestingly, the percentage of abnormalities decreased after Days 4 to 5 (Fig. 7) , reflecting selective mortality.
It seems highly probable that pH-induced changes in skeletogenesis (abnormalities, asymmetry, morphometric changes) such as those observed here (Fig. 6) were due to the disruption of one or more molecular mechanisms involved in calcification (Livingston et al. 2006) , in addition to interference with the basic chemistry of calcification. Moreover, ion transport mechanisms control asymmetry in sea urchins as they do in several vertebrate species (Hibino et al. 2006) ; these processes are highly sensitive to variations in pH (Mignen & Shuttleworth 2000) .
Some authors have used guidelines published by the US Environmental Protection Agency to argue that a change of 0.2 pH units will be essentially unimportant for marine species (Loáiciga 2006) . Even larger ΔpH ranges have been suggested to be 'environmentally safe' (Knutzen 1981 ). Yet few, if any, of the studies on which those conclusions were based had manipulated seawater pH (and carbonate saturation levels) by controlling pCO 2 . There is still a critical shortage of environmentally relevant observations of the likely impacts of ocean acidification on marine species (Harley et al. 2006 ); however, current understanding of the relevant processes, in combination with experimental results (Langdon et al. 2000 , Riebesell et al. 2000 , Feely et al. 2004 , Shirayama & Thornton 2005 , Berge et al. 2006 , Kurihara et al. 2007 , Miles et al. 2007 ) lends strong support to the assertion that such relatively small ranges of pH change should be considered as potentially harmful for marine biota (Caldeira & Wickett 2005) .
Our data show that small changes in pH as low as the 0.2 unit decrease predicted for the coming few decades (Caldeira & Wickett 2003 can have dramatic consequences for larval development and survival of key species. Our results for the brittlestar Ophiothrix fragilis clearly show that such changes could threaten the long-term viability of the species. Whether other species of marine invertebrates are equally sensitive to such small pH shifts is unknown; there are no other strictly comparable data, although we argue above that the results of are consistent with the results obtained here. Taxa from habitats that experience large natural pH shifts (e.g. algal bloom specialists such as planktonic copepods, or burrowing crustaceans and worms) are certainly likely to be better adapted to such changes. It has been suggested that this variability in sensitivity could have considerable implications for the diversity and functioning of communities as ocean pH declines (Royal Society 2005), placing some ecosystems more 'at risk' than others. If the pH continues to decrease as suggested by current models, we can then expect a strong selection for the more tolerant species and a major reorganisation at the ecosystem level. We strongly echo the comments of Harley et al. (2006) that 'more research on the ecological implications of pH change is desperately needed' (Harley et al. 2006, p. 233) . Experiments testing the impact of long-term exposure to small and environmentally relevant CO 2 -induced decreases in pH should be conducted on other potential high-risk species such as echinoderms, molluscs and corals; more importantly, these experiments should be conducted on all life stages. Extinction does not require the instantaneous death of all individuals in a species. A decrease of as little as 1% per generation may reduce many animal populations to unsustainable densities in a little more than a century. Sublethal impacts of ocean acidification on egg production, fertilization success, larval development, larval dynamics and feeding, settlement success, metamorphic success and post-metamorphic survivorship will all influence the fitness and resilience of marine populations. Consequently, it is vital that future studies 'close the loop' by analysing the effects of acidification on all aspects of the life cycle, and over several generations, to assess acclimation, adaptive potential and adaptation of key species. 
